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STOHASTICKO DETERMINISTICKA METODA
MONTE CARLO SIMULACIJE STRUJNIH HARMONIKA NA SN/NN
TRANSFORMATORSKIM STANICAMA
STOCHASTIC DETERMINISTIC METHOD OF
MONTE CARLO SIMULATION OF HARMONIC CURRENTS AT MV/LV
TRANSFORMER STATIONS

Lahorko WAGMANN - Zvonko BENCIC

SaZetak: Na temelju mjerenja strujnih harmonika i opterecenja na gradskim transformatorskim stanicama 10(20)/0,4
kV koje napajaju kucanstva, u radu su istrazene metode pronalazenja stohastickog modela SN/NN transformatorske
stanice kao skupnog izvora strujnih harmonika. Takoder je istrazena mogucnost procjene statisticke razdiobe tjednih
vrijednosti strujnih harmonika na SN/NN transformatorskoj stanici Monte Carlo simulacijom, poznavajuci podatke
potrebne za planiranje mreze kao Sto su vr$no opterecenje transformatorske stanice i tip potrosnje.

— harmonici
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— Monte Carlo simulacija
— Klaster analiza

Kljuéne rijeci:

Abstract: On the basis of the harmonic currents and load measurement at urban transformer stations 10(20)/0.4 kV
which supply households, the method of finding the stochastic model of the MV/LV transformer station as a group
source of harmonic currents is investigated. Also investigated is the possibility of assessment of the statistic distribution
of weekly values of the harmonic currents at the MV/LV transformer station with Monte Carlo simulation, knowing the
data needed for network planning such as the maximum load and the type of consumption.
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1. UVOD 1. INTRODUCTION

U medunarodnim normama uveden je stohasti¢ki pristup ~ International standards have introduced the stochastic

definiranja razine elektromagnetske kompatibilnosti, [1,
2]. Suvremeni proracuni harmonika stoga u obzir trebaju
uzeti stohasti¢ku prirodu harmonika, [3, 4]. Stohastic¢ki
proracun Sirenja harmonika u elektroenergetskom sustavu
moguée je napraviti analiticki ili numerickom
simulacijom. Ukoliko je promatrana mreza velika,
proracun numeri¢kom simulacijom ¢Eesto je jedini moguci
pristup, [5]. Za takav nacin stohastickog proracuna
harmonika potrebno je istraziti metodu pronalazenja
stohastickog modela SN/NN transformatorske stanice kao
grupnog izvora strujnih harmonika. Model treba
omoguciti  procjenu  statisticke razdiobe tjednih
vrijednosti strujnih harmonika na SN/NN
transformatorskoj stanici Monte Carlo simulacijom,
poznavajuci uobicajene podatke potrebne za planiranje

approach in defining the electromagnetic compatibility
level, [1, 2]. Therefore, the new harmonic calculation
should take into consideration the stochastic nature of
harmonics, [3, 4]. Stochastic harmonic calculation in the
electrical system could be made analytically or by
numerical simulation. If the considered network is big,
the numerical simulation often is the only possible
approach, [5]. For such a type of stochastic harmonic
calculation, it is necessary to investigate the method of
determining the stochastic model of the MV/LV
transformer station as a group source of harmonic current.
The model should enable the stochastic distribution
assessment of current harmonics at the MV/LV
transformer station using Monte Carlo simulation,
knowing the data usually necessary for network planning,
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mreze kao Sto su vrSno opterecenje transformatorske
stanice i tip potroSnje.

2. MJERENJE HARMONIKA

U svrhu modeliranja SN/NN transformatorske stanice kao
izvora harmonika, u Zagrebu su napravljena mjerenja
harmonika na 18 gradskih transformatorskih stanica
10(20)/0,4 kV koje napajaju kucéanstva, [6]. Mjerenja su
na svakom mjernom mjestu trajala po tjedan dana.
Izmjerene vrijednosti harmonika odnose se na pokazatelje
u kratkom vremenu, /. Znaci da su mjerene deset
minutne prosjecne vrijednosti harmonika napona i struje
u svim trima fazama.

3. STATISTICKA ANALIZA MJERENJA
HARMONIKA

3.1 Tjedna krivulja harmonika struja

Rezultat mjerenja veli¢ina /1, fiop Iizs U svakoj fazi
transformatorskog polja na SN/NN transformatorskoj
stanici, tijekom tjedan dana, su vrijednosti i, ,(d, ?),
ioa(d, t) 1 iisu(d, t). ProsjeCne vrijednosti struja
harmonika tijekom tjedan dana na promatranoj
transformatorskoj stanici raCunaju se iz:

iy (4 ) +ip , (d )+, (d. 1)

such as the maximum load of the transformer station and
the type of consumption.

2. HARMONIC MEASUREMENT

For the purpose of modeling the MV/LV transformer
station as a harmonic source, measurements have been
taken at 18 urban transformer stations 10(20)/0.4 kV that
feed energy consumption of households in Zagreb, [6].
The measurement period at each measurement point was
one week. The measured values are related to the short
time indices, [, 4. This means that ten minute average
values of harmonic voltage and current in all three phases
were measured.

3. STATISTICAL ANALYSIS OF
HARMONIC MEASUREMENT

3.1. Weekly Harmonic Currents Curve

The result of measurement of the values 11 ,,;, I1 2,5, I3, 10
each phase of the transformer bay at the MV/LV
transformer station, during period of one week, are the
quantities i 4(d, 1), iro, (d, t) and ip5,(d, f). The average
values of harmonic currents during a period of one week
on the monitored transformer station are calculated from:

i,y (d. 1) = 3

Sedam dnevnih krivulja na promatranoj transformatorskoj
stanici moguce je prikazati jednom prosjenom dnevnom
krivuljom harmonika struja, slika 1. Vrijednosti i(t)
veli¢ine /, racunaju se iz:

de[1,7], re[1,144]. (1)

It is possible to represent seven daily curves at the
monitored transformer station with one average daily
curve of harmonic current, Figure 1. The quantities i(t)
of the value 7, are calculated from:

2

Slika 1.
Figure 1.

Dnevne krivulje i prosjecna dnevna krivulja 5. harmonika struja na TS 10(20)/0,4 kV — B. Magovca 48
Daily curves and average daily curve of the 5" harmonic current at TS 10(20)/0.4 kV — B. Magovca 48
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3.2 Histogrami i poligoni relativnih frekvencija

Zbog toga Sto je Cesto teSko unaprijed odrediti razdiobu
koja najbolje opisuje slucajnu varijablu, koriste se
histogrami i poligoni relativnih frekvencija. Ukoliko
razdioba sadrzi dva ili viSe vrhova, ne moze se opisati
samo jednom funkcijom. Takve se razdiobe nazivaju
bimodalnima ili multimodalnima i pokazuju da izmjerena
veli¢ina /, 4 nije potpuno stohasticka, ve¢ da u njoj postoji
i odredena deterministicka komponenta, slika 2.

3.2 Histograms and polygon of relative frequencies

Since it is often difficult to define in advance the best
distribution which describes the stochastic variable,
histograms and polygons of relative frequencies are used.
If the distribution has two or more peaks, it could not be
described with only one function. Such distributions are
called bimodal or multimodal and they show that the
measured value /,; is not completely stochastic, but it
comprises certain deterministic components, Figure 2.
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Slika 2.
10/0,4 kV - B. Magovca 48
Figure 2.
current at TS 10(20)/0.4 kV — B. Magovca 48

Budu¢i da je tesko unaprijed odrediti potreban broj i
duljinu podintervala u kojem su vrijednosti slucajne
varijable 7,4 stacionarne, moguce je primijeniti metodu
dekompozicije  vrijednosti  nestacionarne  slucajne
varijable na deterministicki i stohasticki dio, [7]. Ukoliko
su vrijednosti deterministicke komponente odredene
prosje¢nom dnevnom krivuljom 7, vrijednosti stohasticke
komponente Sy ,; dobivaju se iz:

Histogram i poligon relativnih frekvencija vrijednosti prosjecne tjedne krivulje 5. strujnog harmonika na TS

Histogram and polygon of relative frequencies of average weekly curve quantities of the 5" harmonic

Keeping in mind that it is difficult to define in advance
the necessary number and the length of the subinterval in
which the values of the stochastic variable I,y are
stationary, it is possible to apply the method of
decomposition of the wvalues of the non-stationary
stochastic variable to the deterministic and stochastic
part. If the values of deterministic component are defined
with an average daily curve /;, the values of stochastic
component S}, 4, are calculated from:

sh,tj(d,t)zih‘tj(d,t)—ih(t), de[l,7], te[l,144]. 3)

4. GRUPIRANJE DNEVNIH KRIVULJA
STRUJNIH HARMONIKA KLASTER
ANALIZOM

4.1. Normiranje krivulja

Prosje¢ne dnevne krivulje razlicitih transformatorskih
stanica razlikuju se po obliku te najvecoj i najmanjoj
postignutoj dnevnoj vrijednosti. Ukoliko se prosjecne
dnevne krivulje normiraju na interval [0, 1], nestaje
razlika u najvecoj 1 najmanjoj postignutoj vrijednosti
strujnih harmonika. Omjeri izmedu najvecih i najmanjih
vrijednosti normiranih krivulja ostaju nepromijenjeni
koristenjem formule:

4. GROUPING OF DAILY CURRENT
HARMONIC CURVES USING CLUSTER
ANALYSIS

4.1. Normalizing of the Curves

The average daily curves from the various transformer
stations are distinguished by shape and by achieved
maximum and minimum daily values. If average daily
curves are normalized to the interval [0, 1], the difference
in achieved maximum and minimum daily values
disappears. The ratio between maximum and minimum
values remains unchanged using the formula:
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ih,n(t):

Normirane krivulje mogucée je grupirati po slinosti
oblika u klastere. Svaki klaster dalje se nadomjesta
prototipnom krivuljom koja ga karakterizira.

4.2. Hijerarhijska klaster analiza

Za promatrani skup normiranih prosjeénih dnevnih
krivulja 5. harmonika struja primjenom:

iy (1)

max(ih (t))

. te[1144]. Q)

The normalized curves could be grouped in clusters by
similarity of shape. Each cluster is further represented by
a prototype curve which characterizes it.

4.2. Hierarchical Cluster Analysis

For the considered set of normalized average daily curves
of the 5™ current harmonics using the formula:

n

d? (er Xs)= (Xr _XS)(Xr — X )T = Z(xlf Xy )2 ’ ©)

izraCunate su vrijednosti medusobnih euklidskih
udaljenosti krivulja. Rezultat hijerarhijske klaster analize
Cesto se graficki prikazuje kao stablo koje se zove
dendrogram, [8], na kojemu su vidljivi odnosi izmedu
klastera i podklastera te poredak spajanja klastera, slika 3.

J=1
the values of Euclidean distances between curves are
calculated. The result of Hierarchical Cluster Analysis
often is represented by a tree which is called dendrogram,
[8], in which the relations between clusters and sub
clusters and order of linkage between clusters can be
seen, Figure 3.

1 3 4 7 2 5 6 8

12 13

9 11 10 14 16 18 15 17

klaster 1/cluster 1

Slika 3.

klaster 2/cluster 2 klaster 3/cluster 3

Dendrogram klastera normiranih prosjecnih dnevnih krivulja 5. harmonika struja

Figure 3. Cluster dendrogram of normalized average daily curves of the 5" current harmonic

Za Kklastere normiranih prosjecnih dnevnih krivulja 5.
harmonika izmjerenih na SN/SN stanicama, slika 4,
racunaju se pripadajuéi centroidi pomocu formule:

¢ (t)=

Ny

Ukoliko se centroid nadomjesti polinomom, dobiva se
analiticka formula za odredivanje procijenjene vrijednosti
prosjecne dnevne krivulje strujnih harmonika:

Ty
Zlin,h (t)
i=

= re[1144]. (6)

For clusters of normalized average daily 5™ harmonic
curves measured at the MV/LV transformer station,
Figure 4, the related centroids are calculated using
formula:

If the centroid is substituted with the polynomial curve,
the result is an analytical formula for calculating the
estimated values of the average daily harmonic current
curve:

fh (t) =(a¢ t° +as £ +ay 4 +ay £ +ay, £ tap tragy )y, te [1,144] s (7

gdje su a;, , koeficijenti polinoma kojima se nadomjeStaju
prototipne krivulje klastera, tablica 1.

where ay, , are the coefficients of the polynomial curves
for the substitution of the prototype curve of the clusters,
Table 1.
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Slika 4.  Normirane prosjecne dnevne krivulje 5. harmonika struja i pripadajuci centroid klastera 1
Figure 4. Normalized average daily curves of the 5" harmonic current and the corresponding centroid of cluster 1

Tablica 1. Koeficijenti polinoma kojima se nadomjestaju prototipne krivulje 5. strujnog harmonika klastera 1, 2 i 3
Table 1. Polynomial coefficients for fitting prototype curve of the 5" harmonic current for clusters I, 2 and 3

Klaster g g g g g g g
Cluster 5C ks k.4 k.3 k2 k1 k.0

=1 | =7,5989-10"2 | —2,9732:107° | —4,1785-10" | 2,3364-10° | —1,8595-10* | —1,7678-107% | 0,07051

=2 | -3,3505-10"% | 1,1126:10° | —1,1933-107 | 2,2206-10° | 4,5349-10* | —2,6000-10 | 0,72050

k=3 -6,2592-10" | 2,5913-107 | -3,9498:107 | 2,5545-10° | -5,0234-10* | -4,4534-10° | 0,65010

Odstupanja polinoma od normiranih krivulja unutar Residual values of polynomial curve from normalized
klastera moguce je izracunati iz: curves within cluster could be calculated from:

Aiy o (i ) =iy, (L.0) =0, (1), ie[Ln.], te[1,144], 8)

Srednja vrijednost i standardna devijacija odstupanja The mean value and standard deviation of residuals of
polinoma od normiranih krivulja unutar klastera  polynomial curve from the normalized curves within

izraGunava se pomocu: cluster are calculated from:
144
22 Ay
i=1 =1
= , 9
o =144 ©
144 2
ZZ(Alh,k (i, Z)—ﬂm‘h‘k )
o, =4|E=ELE 10
Ak n, 1441 (10)

Tablica 2. Srednja vrijednost i standardna devijacija odstupanja polinomne krivulje od normiranih krivulja 5.
harmonika struja unutar klastera

Table 2. Mean value and standard deviation of residuals of polynomial curve from the normalised 5" harmonic
current curves within cluster

Klaster Ty Haiy O »
k=1 7 2,56 1077 0,049
k=2 6 2,97 10" 0,048
k=3 -1,5510" 0,071
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Tablica 2 prikazuje srednju vrijednost i standardnu
devijaciju odstupanja polinoma od normiranih krivulja 5.
harmonika struja unutar klastera.

5. PROGNOZA DNEVNE KRIVULJE
STRUJNIH HARMONIKA

5.1. Regresijska analiza

Pretpostavka o  koreliranosti ~ vr$nih  opterecenja

transformatorskih stanica i vrSnih vrijednosti prosjecnih
dnevnih krivulja strujnih harmonika dovodi do zakljucka
da je nezavisna varijabla vrSno  opterecenje
transformatorske stanice, dok je zavisna varijabla vrsna
vrijednost prosjecne dnevne krivulje strujnih harmonika.
Vrs$no opterecenje transformatorske stanice veliCina je
koja se najceS¢e koristi u planiranju srednjonaponskih
elektroenergetskih mreza. Skup vrijednosti nezavisne
varijable dobiva se iz:

x; =S, ; =max(S;(t)), te[lm].

Skup vrijednosti zavisne varijable dobiva se iz:

Vi=l = max(],m, (t)) te [lm] .

Model linearne regresije s procijenjenim parametrima je:

Table 2 shows the mean value and standard deviation of
residuals of the polynomial curve from the normalised 5"
harmonic current curves within the cluster.

5. PROGNOSIS OF DAILY HARMONIC
CURRENT CURVE

5.1. Regression analysis

The assumption that the peak load of transformer stations
and the peak value of the average daily harmonic current
curves are correlated leads to the conclusion that the
independent variable is the transformer station peak load
and the dependent variable is the peak value of the
average daily harmonic current curve. The peak load of
the transformer station is the most frequently used data in
medium voltage network planning. The set of
independent variable values are calculated from:

an
The set of dependent variable values are calculated from:
(12)

The linear regression model with estimated parameters is:

Vi=yit+é, )A/izd—i_ﬁxil i=[l,n]. (13)
Procijenjeni parametri racunaju se iz, [9]: The estimated parameters are calculated from, [9]:
z X Yi—n f.)_}
ﬁ = i:ln , (14)
> xF —nx?
i=1
G=y-p% (15)

Na temelju (14) i (15) izraCunati su procijenjeni parametri
modela linearne regresije, tablica 3. Koeficijent
determinacije 7 i koeficijent korelacije 7 izradunati su iz:

Razmotri li se povezanost izmedu zavisne i nezavisne
varijable, uzevS§i u obzir koeficijente korelacije i
determinacije, vidljivo je da je kod struja 3. i 5.
harmonika korelacija cvrsta, kod 7. i 13. harmonika
korelacija je srednja, dok je kod 9., 11. harmonika
korelacija slaba, tablica 3.

L 0<r2<l.

On the basis of (14) and (15), the estimated parameters of
linear regression model are calculated, Table 3. The
determination coefficient /> and correlation coefficient
are calculated from:

(16)

Considering the relationship between dependent and
independent variables, taking into account correlation and
determination coefficients, it is obvious that for the 3™
and the 5" harmonic current the correlation is strong, for
the 7™ and the 13" harmonic current the correlation is
medium and for the 9™ and the 11™ harmonic current the
correlation is weak, Table 3.
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Tablica 3. Modeli linearne regresije s procijenjenim parametrima i faktori korelacije

Table 3.  Linear regression model with estimated parameters and correlation factors
\,Z;\i;félg Model linearng regresije 2 P Jakost .korelacije
Sk wEle Linear regression model Correlation strength

L y =5,8171+0,0797 x 0,72 | 0,85 Cvrsta (strong)
L ¥ =2,6287+0,0455 x 0,87 | 0,93 Cvrsta (strong)
Do ¥ =1,0174+0,0196 x 0,53 | 0,73 | Srednja (medium)
Ion ¥ =1,9914+0,0037 x 030 | 0,55 Slaba (weak)
Liim ¥ =1,4823+0,0052 x 023 | 048 Slaba (weak)
Ti3m ¥ =1,0455+0,0046 x 0,26 | 0,51 Slaba (weak)

5.2. Primjeri prognoze

Uvrstavanjem izmjerenih vrijednosti vr$nih optere¢enja u
odgovaraju¢e modele jednostavne linearne regresije,
tablica 3, dobivaju se procijenjene vrijednosti zavisne
varijable, ili procijenjene vrSne vrijednosti prosjecne
dnevne krivulje harmonika struja. Mnozenjem vrijednosti
prototipne krivulje s procijenjenom vr$nom vrijednoscu

5.2 Examples of prognosis

By inserting the measured values in the corresponding
simple linear regression models, Table 3, the estimated
values of dependent variables are calculated, i.e. the
estimated peak values of the average daily harmonic
curve are thus determined. Multiplying the values of the
prototype curve with the estimated peak value of the

prosjecne dnevne krivulje strujnih harmonika na  average daily harmonic curve at the considered
promatranoj transformatorskoj stanici, dobivaju se  transformer station, the estimated values of the average
procijenjene vrijednosti prosjecne dnevne krivulje daily harmonic curve are obtained:

strujnih harmonika:

i () =c (1)

Koristenjem (17) i (7) te vrSne vrijednosti prosjecne
dnevne krivulje strujnih harmonika na promatranoj
transformatorskoj stanici, procijenjene iz odgovarajucih
modela jednostavne linearne regresije, tablica 3, odreduju
se prognoze prosjecne dnevne krivulje 5. strujnog
harmonika, slike 5 i 6.

= njerenje/measurenent

10} - ==+ prognoza iz centroida/prognosis using centroid

prognoza iz polinoma/prognosis using polynomial curve| .:»

th

Slika 5.

Py, t=[Ln]. (17)

By using (17) and (7) with the peak values of the average
daily harmonic curve at the considered transformer
station, estimated from corresponding simple linear
regression model, Table 3, the prognosis of the average
daily 5™ harmonic current curves is determined, Figures 5
and 6.

= njerenje/measurerrent
7 |*=** prognoza iz centroida/prognosis using centroid
prognoza iz polinoma/prognosis using polynormial ¢

th

Prognoza prosjecne dnevne krivulje 5. strujnog harmonika na TS 10/0,4 kV B. Magovca 38 i B. Magovca 44

Figure 5. Prognosis of daily average 5" current harmonic curve at TS 10/0.4 kV B. Magovca 38 and B. Magovca 44
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6. STOHASTICKO DETERMINISTICKA
METODA MONTE CARLO SIMULACIJE

6.1. Algoritam Monte Carlo simulacije tjedne krivulje
strujnog harmonika

Poznavaju¢i dva redovito dostupna podatka, vrSno
opterecenje S, i tip potrosnje, moguée je Monte Carlo
simulacijom procijeniti statisticku razdiobu tjednih
vrijednosti strujnih harmonika na SN/NN
transformatorskoj stanici. Razdioba vrijednosti tjedne
krivulje strujnog harmonika moze se procijeniti tako da
se u iteraciji Monte Carlo simulacije zbroje vrijednosti
deterministicke i stohasticke komponente strujnih
harmonika. Deterministicka komponenta je prosjecna
dnevna krivulja strujnog harmonika koja se odreduje
analiticki iz (7). Stohasticka komponenta dobiva se
simuliranjem vrijednosti Normalne razdiobe (18).

Algoritam Monte Carlo simulacije tjedne krivulje
strujnog harmonika prikazan je na slici 7. Algoritam se
sastoji iz sljedecih koraka:

a) Za promatranu SN/NN transformatorsku stanicu
potrebno  je odrediti  vrijednost  vrSnog
opterecenja S;,. Navedena veli¢ina koristi se u
planiranju srednjonaponskih mreza kao ulazna
veli¢ina u proracunu tokova snaga gdje se,
ukoliko ne postoje mjerenja, najéesSce
procjenjuje iz broja i tipa kupaca prikljucenih na
mrezu niskog napona.

b) Transformatorska stanica se svrstava u jedan od

klastera.
c¢) Temeljem modela jednostavne linearne
regresije, tablica 3, iz wvrSne vrijednosti

opterecenja transformatorske stanice procjenjuje
se vr$na vrijednost prosje¢ne dnevne krivulje
strujnog harmonika y,, .

d) Pocetak Monte Carlo simulacije.

e) Pocetak izraCuna normirane prosjecne dnevne
krivulje strujnog harmonika.

f) Temeljem koeficijenata polinoma, tablica 1, za
meduvrijeme ¢ racuna se vrijednost normirane
prosje¢ne dnevne krivulje strujnog harmonika,
(13).

g) Metodom inverzne transformacije simuliraju se
vrijednosti stohasticke komponente normirane

tjedne krivulje strujnog harmonika. Zbroj
normiranih  vrijednosti  deterministicke i
stohasticke ~ komponente  tjedne  krivulje

pomnoZen s procijenjenom vr$nom vrijednoséu
prosjecne dnevne krivulje daje skup simuliranih
vrijednosti tjedne krivulje strujnog harmonika:

6. STOCHASTIC DETERMINISTC METHOD
OF MONTE CARLO SIMULATION

6.1. Monte Carlo Algorithm of Weekly Harmonic
Current Simulation

Knowing two regularly available values, the transformer
station peak load and the type of energy consumption, by
using the Monte Carlo simulation it is possible to assess
the stochastic distribution of harmonic currents weekly
values at the MV/LV transformer station. Distribution of
the weekly harmonic current values could be assessed by
summation of harmonic deterministic and stochastic
current component in the Monte Carlo iteration. The
deterministic component is an average daily curve of the
harmonic current which is determined analytically using
(7). The stochastic component is obtained by simulation
of values with Normal distribution (18).

The algorithm of the Monte Carlo simulation of the
weekly harmonic current is shown in Figure 7. The
algorithm consists of the following steps:
a) For the considered MV/LV transformer station,
it is necessary to determine the peak load S,.
This value is used in medium voltage network
planning as an input value for load flow
calculation where, if measurements aren’t
available, it is assessed from the number and the
type of consumers connected to low voltage
network.
b) The transformer station is classified into one of
the clusters.
¢) On the basis of the simple linear regression
model, Table 3, from the transformer station
peak load, the peak value of the average daily
harmonic curve y, is assessed.

d) Start of the Monte Carlo simulation.

e) Start of the calculation of the normalized
average daily harmonic curve.

f)  On the basis of polynomial coefficients, Table 1,
for the time interval ¢, the value of the
normalized average daily harmonic curve is
calculated (13).

g) With the Inversion Transformation Method, the
values of the stochastic component of the
normalized weekly harmonic current are
calculated. The summation of normalized values
of the stochastic and the deterministic
component of the weekly harmonic curve
multiplied by the assessed peak value of the
average daily harmonic curve results in the set
of simulated values of the weekly harmonic
curve:

iy (m.0) = (1.4 ()4 N (11, 00, ) )30 (s)
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Slika 7.
transformatorskoj stanici
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Algoritam Monte Carlo simulacije vrijednosti tjedne krivulje h-tog strujnog harmonika na SN/NN

Da/Yes

Figure 7. Algorithm of the Monte Carlo simulation of the weekly curve of the harmonic current at the MV/LV

transformer station

6.2. Primjer Monte Carlo simulacije tjedne krivulje
strujnog harmonika

Na temelju opisanog algoritma napravljena su dva
primjera  Monte Carlo simulacije vrijednosti tjedne
krivulje 5. strujnog harmonika. Prikazana je usporedba
razdiobe izmjerenih i simuliranih vrijednosti tjedne
krivulje 5. strujnog harmonika, slike 8 1 9.

6.2 An example of the Weekly Harmonic Current
Simulation

On the basis of the described algorithm, two examples of
Monte Carlo simulation of the weekly 5™ harmonic
current simulation are made. A comparison between
measured and simulated values of the weekly 5"
harmonic current is shown, Figures 8 and 9.
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7. ZAKLJUCAK

Monte Carlo metodom moguée je simulirati strujne
harmonike na SN/NN stanicama. Pritom treba biti
zadovoljena pretpostavka vremenske nepromjenjivosti, u
smislu  odsustva  deterministicke = komponente u
izmjerenim vrijednostima strujnih harmonika. Jedna od
metoda rjeSavanja problema vremenske promjenjivosti
struyjnih  harmonika je rastavljanje nestacionarne
vremenske serije na stacionarni stohasticki proces i
deterministicku komponentu. Poznavajuéi dva redovito
dostupna podatka, vr$no optereCenje i tip potrosnje,
moguée je Monte Carlo simulacijom procijeniti
statisticku razdiobu tjednih vrijednosti strujnih harmonika
na SN/NN transformatorskoj stanici. Na temelju opisanog
postupka napravljena su dva primjera Monte Carlo

simulacije vrijednosti tjedne krivulje 5. strujnog
harmonika. Prikazana je usporedba razdiobe izmjerenih i
simuliranih  vrijednosti tjedne krivulje 5. strujnog
harmonika. Prikazani stohasticki model SN/NN

transformatorske stanice moguce je ukljuciti u algoritam
Monte Carlo prora¢una harmonika u srednjonaponskoj
mrezi.

7. CONCLUSION

Using the Monte Carlo method, it is possible to simulate
harmonic currents at the MV/LV transformer stations. In
doing so, the definition of time invariability has to be
fulfilled, in the sense of the absence of the deterministic
component from measured values of harmonic currents.
One of the methods for solving the problem of harmonic
currents time variability is the decomposition of time
series into the stationery stochastic process and the
deterministic component. Knowing the two regularly
available values, the transformer station peak load and
the type of consumption, by using Monte Carlo
simulation it is possible to assess stochastic distribution
of the harmonic currents weekly values at the MV/LV
transformer station. On the basis of the described
algorithm, two examples of the Monte Carlo simulation
of the weekly 5™ harmonic current are made. The
comparison between measured and simulated values of
the weekly 5™ harmonic current is shown. It is possible to
include the presented stochastic model of the MV/SN
transformer station in the Monte Carlo algorithm for
harmonic calculation in medium voltage networks.
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8. POPIS OZNAKA

struja harmonika u fazi L1 Ly, A
tjedna krivulja harmonika struje L s A
dan u tjednu d

red harmonika h
vremenski interval t, h
dnevna krivulja harmonika struje I, A
normirana dnevna krivulja struje Iy, A
stohasticka komponenta harmonika struje Shi» kW
objekt u klaster analizi X

tocka krivulje centroida ch

centroid C,

broj krivulja u klasteru g
procijenjena vrijednost struje harmonika fh , A
procijenjena vrijednost zavisne varijabla Vi
koeficijenti polinoma ar, p
odstupanja polinoma od klastera Aip
srednja vrijednost odstupanja Hpi, >
standardna devijacija odstupanja O, > A
nezavisna varijabla X;

zavisna varijabla Vi
procijenjeni parametar regresije a
procijenjeni parametar regresije ’B
koeficijent determinacije P
koeficijent korelacije r
procijenjena vrijednost struje harmonika fh , A
Normalna razdioba N
LITERATURA

REFERENCES

[I] HRN EN 50160:2008, Naponske karakteristike
elektricne energije iz javnog distribucijskog sustava
(EN 50160:2007), izvornik: Voltage characteristics
of electricity supplied by public distribution
networks (EN 50160:2007).

[2] IEC/TR3 61000-3-6 (1996-10): Electromagnetic
Compatibility (EMC)—Part 3: Limits—Section 6:
Assessment of Emission Limits for Distorting Loads
in MV And HV Power Systems.

[3] Au, M. T., Milanovi¢, J. V., Stochastic Assessment
of Harmonic Distortion Level of Medium Voltage
Radial Distribution Network, 9™ International
Conference on Probabilistic Methods Applied to
Power Systems, KTH, Stockholm, Sweden — June
11-15, 2006, p.1-6.

[4] Goeke, T., Wellsow, W.H., 4 Statistical Approach
to the Calculation of Harmonics in MV Systems
Caused by Dispersed LV Customers, IEEE
Transactions on Power Systems, Vol.11 (1996),
No.1, p.325-331.

8. LIST OF SYMBOLS

harmonic current in phase L1
weekly current harmonic curve
day of the week

harmonic order

time interval

daily current harmonic curve
normalized daily current curve
stochastic component of harmonic current
object in cluster analysis

point of centroid curve
centroid

number of curves in cluster

estimated value of the harmonic current
estimated value of depended variable

polynomial coefficients
residual values of polynomial curves from cluster
mean value of residuals

standard deviation of residuals

independent variable
dependent variable
estimated regression parameter

estimated regression parameter

determination coefficient
correlation coefficient

estimated value of harmonic current
Normal distribution

[5] Wagmann, L, Stohasticka metoda procjene troskova
nastalih uslijed dodatnih gubitaka prouzrocenih
visim  harmonicima, Elektrotehnika, ELTHB2,
42(1999)1-2, p. 87-94.

[6] Wagmann, L., Zutobradi¢, S. Stohasticka analiza
harmonika na gradskim TS 10(20)/0,4 kV, HO
CIRED, 1. savjetovanje, Sibenik, 18. - 21. svibnja
2008., 10 stranica (CD).

[7] Probabilistic Aspects Task Force of The Harmonic
Working Group Subcomitee of The Transmission
and  distribution = Comiteee,  Time-Varaying
Harmonics: Part I-Characterizing Measured Data,
IEEE Transactions on Power Delivery, Vol.13
(1998), No.3, p. 938-944.

[8] Romesburg, H.C., Cluster Analysis for Researcher,
Lulu Press, North Carolina 2004.

[9] Pause, Z., Uvod u matematicku statistiku, Skolska
knjiga — Zagreb, 1993.



34

L. Wagmann, Z. Benci¢: Stohasticko deterministicka metoda...

Primljeno / Received: 15.04.2010.
Izvornoznanstveni ¢lanak

Adresa autora / Authors’ address
Mr. sc. Lahorko Wagmann, dipl.ing.
Hrvatska energetska regulatorna Agencija
Ulica grada Vukovara 14

10000 Zagreb

HRVATSKA

lwagmann@hera.hr

Prof. dr. sc. Zvonko Ben¢ié, dipl.ing.
Fakultet elektrotehnike i raCunarstva
Unska 3

10000 Zagreb

HRVATSKA

zvonko.bencic@fer.hr

Prihvacéeno / Accepted: 14.05.2010.

Original scientific paper




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile ()
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /RelativeColorimetric
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 7.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        14.173230
        14.173230
        14.173230
        14.173230
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


